Background: Krüppel-like factor 3 (KLF3) is a transcriptional repressor with multiple biological roles. Results: Phosphorylation of KLF3 by homeodomain-interacting protein kinase 2 (HIPK2) promotes DNA binding and transcriptional repression. Conclusion: Signal transduction pathways mediated by HIPK2 control and direct KLF3 activity. Significance: Determining the pathways that control KLF3 function offers potential for regulating its activity for therapeutic benefit.
proteins are characterized by their highly homologous DNA binding domain, consisting of three C2H2 zinc fingers that direct sequence-specific binding to CACCC box motifs and GC-rich sequences in the promoters and enhancers of target genes (3) . To date, 18 family members have been identified, with diverse biological roles in many aspects of cellular development and differentiation (4, 5) .
KLF3 generally functions as a transcriptional repressor via recruitment of C-terminal binding proteins 1 and 2 (CtBP1/2) (6) , which in turn facilitates assembly of a potent silencing complex that drives epigenetic modification of gene regulatory regions (7) . KLF3 is widely expressed and has accordingly been shown to have physiological roles in a number of different developmental processes, including erythropoiesis, metabolism, cardiac development, myogenesis, and B lymphopoiesis (8 -15) . Despite recent progress in both defining the biological functions of KLF3 and in understanding the molecular mechanisms whereby KLF3 regulates expression of its target genes, the signaling pathways and post-translational modifications that control KLF3 activity remain to be fully defined.
To address this and identify novel interacting partners of KLF3, we performed a yeast two-hybrid screen and discovered that KLF3 can bind to homeodomain-interacting protein kinases (HIPKs). The HIPK family consists of four members, defined by the presence of a highly homologous p38-MAPKlike kinase domain (16) . The greatest identity is shown between HIPK1 and HIPK2, which exhibit functional overlap, such that mice deficient in both factors display early embryonic lethality due to numerous development defects (17) . HIPKs were first discovered as binding partners of NK homeodomain transcription factors, and HIPK-dependent phosphorylation at Ser/Thr-Pro consensus sites has been shown to greatly enhance transcription factor activity (18, 19) .
Having identified HIPK proteins as potential binding partners of KLF3 by a yeast two-hybrid assay, we sought to validate this interaction and investigate the effect of HIPK-mediated phosphorylation on KLF3 transcriptional activity. Our investigations confirmed that HIPK2 can directly phosphorylate KLF3 in vitro, with phosphorylation occurring primarily at a single site, serine 249. In vivo, multiple residues are phosphorylated, with serine 249 again identified as a preferential HIPK consensus site. We also examined phosphorylation of the KLF3 cofactor CtBP2 by HIPK2 and identified a single phosphorylation site at serine 428. We found that phosphorylation of KLF3 is important for DNA binding and observed a reduction in binding strength when serine 249 is mutated to prevent phosphorylation. Finally, we determined that phosphorylation of KLF3 by HIPK2 promotes its DNA binding activity, increases the strength of its interaction with CtBP2, and enhances its ability to act as a transcriptional repressor. Our data therefore show that phosphorylation of KLF3 and its corepressor CtBP2 by HIPK2 can potentiate the activity of this repressor complex in certain contexts.
EXPERIMENTAL PROCEDURES
Vectors and Plasmids-For mammalian transfection, KLF3, HIPK2, and CtBP2 sequences were expressed in pcDNA3, pMT2, or pMT3 or in FLAG-or HA-modified versions thereof (2, 20) . GST and His fusion proteins were expressed in pGEX-2T and pET-15b vectors, respectively (21, 22) . pEGFP-HIPK2 and pEGFP-HIPK2-K221R plasmids were kindly provided by C. Y. Choi (NHLBI, National Institutes of Health (18) ). Growth hormone transactivation assays were performed using the previously described reporter pA␥-GH, containing the A␥-globin promoter (23) . For yeast two-hybrid assays, pGBT9-KLF3(1-268) expressed a region of KLF3 containing amino acids 1-268, and pGAD10-HIPK1(615-1057) expressed a region of HIPK1 containing amino acids 615-1057.
-Phosphatase Treatment of Nuclear Extracts-15 g of nuclear protein extract was incubated at 30°C for 30 min in phosphatase buffer (50 mM Tris-HCl, 0.1 mM Na 2 EDTA, 5 mM dithiothreitol, 0.01% Brij 35, 2 mM MnCl 2 ) with or without the addition of -protein phosphatase (1000 units), prior to Western blot analysis or electrophoretic mobility shift assay (EMSA).
Induction of G1E-ER4 Cells-4-Hydroxytamoxifen induced erythroid differentiation of G1-ER4 cells (24 -26) .
Yeast Two-hybrid Assays-Assays were performed as described previously (27, 28) , using the Clontech two-hybrid system according to the manufacturer's instructions. Briefly, test proteins were expressed in yeast strain HF7c as either Gal4-DNA binding domain or Gal4-activation domain fusions, with transformant colonies being selected on Leu/Trp-deficient plates and patched onto His/Leu/Trp-deficient plates. Growth was scored following 72 h of incubation.
Co-immunoprecipitation Assays-Following transfection, cells were lysed on ice in 500 l of co-immunoprecipitation buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% Nonidet P-40 (v/v), 1 g/ml leupeptin, 1 g/ml aprotinin, 1 mM PMSF, or 25 mM Tris, pH 7.9, 10% glycerol (v/v), 0.1% Nonidet P-40 (v/v), 0.5 mM DTT, 5 mM MgCl 2 , 1 g/ml leupeptin, 1 g/ml aprotinin, 1 mM PMSF). Supernatants were collected by centrifugation; two 5-l aliquots were kept for input, whereas the remaining whole cells extracts were used for immunoprecipitation.
Extracts were precleared by adding 20 l of protein G-agarose slurry (Roche Applied Science) and incubating at 4°C for 30 min. Beads were removed, and extracts were incubated with 5 g of antibody (␣-FLAG or ␣-HA) for 1 h at 4°C. Extracts were transferred to a new tube containing 20 l of protein G-agarose slurry and incubated for a further 1 h at 4°C. After incubation, beads were washed with co-immunoprecipitation buffer prior to Western blot analysis.
In Vitro Kinase Assays-5 g of His-KLF3, KLF3(1-253), and GST-CtBP were each incubated with and without 2.5 g of HIPK2 in kinase buffer (20 mM HEPES, 20 mM MgCl 2 , 0.5 mM DTT, 125 mM ␤-glycerol phosphate, 10 Ci of [␥-32 P]ATP, and 25 M cold ATP) at 30°C for 30 min. The reactions were stopped by adding 5ϫ SDS-PAGE loading buffer. Samples were resolved by 12% SDS-PAGE and autoradiographed. 25 M cold ATP alone was used when visualizing proteins by Coomassie staining of SDS-polyacrylamide gels prior to subsequent mass spectrometry analysis.
Trypsin Digest-Bands were excised and destained in 40% (v/v) acetonitrile, 12 mM ammonium bicarbonate for 1 h. Gel slices were desiccated for 30 min and rehydrated in 40 mM ammonium bicarbonate containing 12 ng/l sequencing grade trypsin (Promega) for 1 h at 4°C. Excess trypsin was removed, and 40 mM ammonium bicarbonate was added before incubation at 37°C overnight.
Mass Spectrometry (MS)-0.5 l of trypsin digest was spotted onto a target plate with an equal volume of matrix solution (10 mg/ml ␣-cyano-4-hydroxycinnamic acid in 70% (v/v) acetonitrile, 0.1% (v/v) trifluoroacetic acid (TFA)). Where necessary, peptide mixtures were concentrated using Perfect Pure C 18 microtips (Eppendorf). Peptide maps were acquired by matrixassisted laser desorption ionization time-of-flight (MALDI-TOF) MS using either a QSTAR Elite system (AB Sciex) equipped with MALDI source or a Voyager-DE STR (PerSeptive Biosystems). Data were processed with Analyst and Data Explorer software (Applied Biosystems). Tryptic peptide peak masses were searched against the MASCOT database (Matrix Science) and matches based on MASCOT score and E-value, which were determined by the number of matching peptides and the percentage of sequence coverage of matching peptide masses. Search parameters allowed one missed tryptic cleavage, a 50-ppm error window between observed and theoretical peptide masses, and methionine sulfoxide as a "variable" peptide modification.
Titanium Dioxide Enrichment of Phosphopeptides for MALDI-TOF MS-Tryptic peptides were diluted in loading buffer (100 mg/ml 2,5-dihydroxybenzoic acid in 80% acetonitrile and 2% TFA) and added to a 3-mm TiO 2 column containing 5 l of TiO 2 suspension in 100% acetonitrile. Flow-through (unbound fraction) was collected for MS analysis. The column was washed with 5 l of loading buffer, followed by 30 l of wash buffer (80% acetonitrile and 2% TFA). Phosphopeptides were eluted in 0.5% ammonia solution. The eluant was acidified with 100% formic acid (1 l per 10 l of eluate, pH 2-3). The elution and unbound fractions were desalted and concentrated using POROS Oligo R3 and POROS 20 R2 columns, respectively (ϳ5 mg of POROS reversed phase material in 200 l of 50% acetonitrile). Samples were washed in 30 l of 0.1% TFA and eluted with 1 l of R2/R3 elution buffer (20 mg/ml 2,5-dihydroxybenzoic acid in 50% acetonitrile with 1% orthophosphoric acid).
Titanium Dioxide Enrichment of Phosphopeptides for LC-ESI-MS/MS-Peptides were enriched as described above but with 1 M glycolic acid replacing 2,5-dihydroxybenzoic acid in the loading buffer. Samples were concentrated in R3 columns and eluted in 20 l of 50% acetonitrile, 0.05% TFA. They were then lyophilized, dissolved in 0.5 l of 100% formic acid, and finally diluted in 50 l of 20% acetonitrile. Phosphopeptides were separated using an Agilent 1100 liquid chromatography (LC) system (Agilent Technologies). Peptides were bound to a C 18 analytical column before being eluted with a 5-65% acetonitrile gradient, directly into a QSTAR Elite instrument equipped with a nano-ESI source for tandem MS (MS/MS). MS/MS spectra of phosphopeptides were manually annotated according to standard nomenclature (29, 30) .
Dephosphorylation of Trypsin Digests-10 l of trypsin digest was incubated with 1 unit of alkaline phosphatase (Roche Applied Science) for 15 min at 37°C. The reaction was terminated by adding TiO 2 loading buffer.
Electrophoretic Mobility Shift Assay (EMSA)-EMSAs were carried out as described previously (2) . When detecting KLF3 binding, equal amounts of nuclear extracts (typically 10 g in a volume of 2 l) were loaded in a total volume of 30 l containing 50 g/ml poly(dI-dC), 4.4 mM dithiothreitol, 100 g/ml bovine serum albumin, 10 mM HEPES (pH 7.8), 50 mM KCl, 5 mM MgCl 2 , 1.07 mM EDTA, 6.67% glycerol, 1.33 mM MnCl 2 , 3.33 mM NaCl, 35 mM Tris-HCl (pH 7.5), 3.33 M EGTA, 0.007% Brij35, 1 l of preimmune serum or antibody (as appropriate), and 0.5 ng of 32 P-radiolabeled probe. Oligonucleotides used in the synthesis of the ␤-globin radiolabeled probes were 5Ј-TAGAGCCACACCCTGGTAAG-3Ј and 5Ј-CTTACCAG-GGTGTGGCTCTA-3.
Transient Transactivation Assays-Luciferase reporter assays were performed 48 h after transfection using the Promega Luciferase Assay System according to the manufacturer's instructions.
Expression of GST-and His-tagged Fusion Proteins-Overexpression and purification of fusion constructs were performed as described previously (21, 22) .
Statistical Analysis-Data are presented as means Ϯ S.D. or S.E., as indicated. Significance was determined using Student's t tests with p Ͻ 0.05 being taken as statistically significant.
RESULTS
KLF3 Is Post-translationally Modified-In preliminary experiments to investigate KLF3 post-translational modification, we examined fibroblast and erythroid cells where KLF3 is known to be expressed (9, 31) . We first investigated NIH3T3 fibroblasts and found by Western blot that KLF3 migrates as a doublet, characterized by a more intense slower migrating band ( Fig. 1 ). Similar banding patterns were seen upon examination of erythroid murine erythroleukemia and G1E-ER4 (25) cells, suggesting that post-translationally modified forms of KLF3 are also present in these lines. We then treated nuclear extracts with -phosphatase prior to Western blot and consistently observed altered migration patterns across all lines, indicating that although various modifications may occur, phosphorylation plays a detectable role in the migration of KLF3 ( Fig. 1 ).
KLF3 Interacts with HIPKs-We used a candidate yeast twohybrid approach to initially assess potential kinases that may bind and modify KLF3. We detected a strong interaction between KLF3 and the serine/threonine kinase HIPK1 ( Fig.  2A ). Following this observation, we next examined whether KLF3 can bind to the related and better studied kinase, HIPK2 (16, 32, 33) . We found that HIPK2 can be co-immunoprecipitated with KLF3 from transfected COS nuclear extracts (Fig.  2B, lane 3) . Because HIPK2 is known to bind the KLF3 partner protein CtBP (34) , we asked whether the interaction between KLF3 and HIPK2 is dependent on CtBP2. However, we found that HIPK2 interacted efficiently with a mutant version of KLF3 that is unable to recruit CtBP2, suggesting a direct association between HIPK2 and KLF3 independent of CtBP2 (Fig. 2B, lane  6) . Thus, these findings suggest that HIPK2 binds to both CtBP2 and KLF3.
Encouraged by an inspection of the amino acid sequence of KLF3 that revealed the presence of 12 potential HIPK phosphorylation sites, conforming to the consensus of (S/T)P (19), we next examined whether HIPK2 can phosphorylate KLF3. We observed altered migration of KLF3 in gel electrophoresis of nuclear extracts purified from COS cells cotransfected with KLF3 and HIPK2 (Fig. 2C, lanes 4 and 5) . This effect was not observed when KLF3 was cotransfected with a mutant version of HIPK2, HIPK2-K221R, in which the active site of the kinase domain has been inactivated by a lysine to arginine substitution (18) (Fig. 2C, lanes 2 and 3) . Furthermore, it appeared that KLF3 FIGURE 1. KLF3 is modified by post-translational phosphorylation. Nuclear extracts were purified from NIH3T3, murine erythroleukemia (MEL), and induced G1E-ER4 cells (25) . Untreated extracts (lanes 3, 6, and 9), extracts treated with -phosphatase (PP; lanes 4, 7, and 10), and extracts treated with heat-inactivated -phosphatase (HI PP; lanes 5, 8, and 11) were then Western blotted with an anti-KLF3 antibody. The blots were then stripped and incubated with an anti-␤-actin antibody to provide a loading control. Lane 1, nuclear extract from COS cells; lane 2, nuclear extract from COS cells transfected with KLF3. levels were increased in the presence of wild type HIPK2, which could be explained by either altered Klf3 gene expression or protein stability ( To further investigate the effect of HIPK2 on KLF3 protein stability, we cotransfected COS cells with KLF3 and either wildtype or kinase-inactive HIPK2 and then treated cells with cycloheximide to inhibit de novo protein synthesis (Fig. 2D ). In the 24-h period following treatment, we noticed considerably more degradation of KLF3 when cells were cotransfected with the kinase-inactive form of HIPK2, in line with the hypothesis that phosphorylation of KLF3 by HIPK2 directly increases its stability.
KLF3 Is Directly Phosphorylated by HIPK2-Having established that HIPK2 can bind KLF3 and cause its modification in cellular assays, we wished to confirm that this was a direct effect. To do this, we carried out in vitro kinase assays using bacterially expressed KLF3 and HIPK2 and radiolabeled ATP ( Fig. 3, A and B) . We investigated both full-length KLF3 and a truncated form of the protein (amino acids 1-253), which lacks the zinc-finger DNA binding domain, a region that does not contain any canonical HIPK2 phosphorylation sites. We found that preincubation of both forms of KLF3 with HIPK2 resulted in the appearance of an intense radiolabeled band corresponding to the expected size of expressed KLF3, whereas no phosphorylated protein was detected in the absence of HIPK2. In our assays, we observed greater radiolabeling of the truncated form of KLF3, suggesting that it is a better substrate for phosphorylation and that the DNA-binding domain may influence HIPK2 activity ( Fig. 3B ).
KLF3 contains 12 potential phosphorylation sites that conform to the HIPK2 consensus of Ser/Thr-Pro (19) (Fig. 3C ). To determine which of these are directly phosphorylated in vitro by HIPK2, we excised the major radiolabeled band and performed MALDI-TOF MS, following tryptic digest and TiO 2 enrichment for phosphopeptides ( Fig. 3 , D-G). In the case of both full-length and truncated KLF3, we observed a single TiO 2 -purified phosphopeptide with an observed mass suggesting phosphorylation of a serine residue at amino acid 249 ( Fig.  3 , E and G) (threonine 252 phosphorylation could also generate this mass, although this is not a HIPK2 consensus site). This phosphopeptide was not observed in the absence of HIPK2 ( (6). 48 h after transfection, cells were harvested, whole cell extracts were prepared, and HIPK2 was immunoprecipitated (IP) using an anti-FLAG antibody. Input (top two panels) and immunoprecipitate (bottom two panels) were Western blotted (WB) with anti-FLAG and anti-HA antibodies for detection of HIPK2 and KLF3, respectively. C, HIPK2 alters the migration of KLF3 in SDS-PAGE. COS-7 cells were transfected with KLF3 and either wild type HIPK2 or a kinase-inactive mutant HIPK2-K221R (18) . Nuclear extracts were prepared and Western blotted with an anti-KLF3 antibody. Lane 1, 1 g of pcDNA3-KLF3; lane 2, 1 g of pcDNA3-KLF3 and 0.5 g of pEGFP-Hipk2-K221R; lane 3, 1 g of pcDNA3-KLF3 and 2 g of pEGFP-Hipk2-K221R; lanes 4 and 5 are identical to lanes 2 and 3, respectively, except kinase-inactive pEGFP-Hipk2-K221R was replaced with wild type pEGFP-Hipk2. Bottom, the blot was stripped and probed with an anti-␤-actin antibody to confirm equal loading of nuclear extracts. D, HIPK2 stabilizes KLF3 protein. COS-7 cells were transfected with KLF3 and either wild type or kinase-inactive HIPK2. Cells were treated with cycloheximide (CHX) 24 h after transfection, and nuclear extracts were harvested at the indicated time points for Western blotting with an anti-KLF3 antibody. Bottom, the blot was stripped and probed with an anti-␤-actin antibody to confirm equal loading of nuclear extracts. 4A), the most C-terminal HIPK2 consensus site, which is located close to the zinc finger DNA-binding domain of KLF3 ( Fig. 4B ). Mutation of Ser-249 to an alanine residue resulted in a noticeable reduction in the level of HIPK2-mediated in vitro phosphorylation of KLF3 (Fig. 4C ). The observation of residual phosphorylation of this mutant form of KLF3 indicates that although Ser-249 is the major target, one or more additional sites can also be phosphorylated by HIPK2 in vitro, albeit to a noticeably lesser extent.
KLF3 Is Phosphorylated at Multiple Sites in Vivo-To assess in vivo phosphorylation, we transfected COS cells either with KLF3 alone or with KLF3 and HIPK2 and performed mass spectrometry on TiO 2 -enriched KLF3 phosphopeptides ( Fig. 5 and Table 1 ). We observed phosphorylation at Ser-249 of KLF3 but also observed signals consistent with predicted HIPK2 consensus phosphorylation at Ser-71, Ser-78, Ser-91, Ser-100, Ser-215, and Ser-223. Because the action of other kinases may also contribute to phosphopeptides via both HIPK2 and alternative kinase consensus motifs, we employed cotransfection of HIPK2 with KLF3 to determine whether elevated HIPK2 had a notable effect on phosphorylation events at these and other potential sites. The region containing amino acids 70 -83 has two poten- (lanes 1 and 3) or presence of HIPK2 (lanes 2 and 4) . Samples were resolved by SDS-PAGE (left) and autoradiographed (right). C, amino acid sequence of KLF3 with serine and threonine residues conforming to the HIPK phosphorylation site consensus underlined. The phosphorylated peptide identified by mass spectrometry is boxed. D-G, MALDI-TOF MS spectra of TiO 2 -bound tryptic peptides from bacterially expressed KLF3. Shown are the spectrum of His-tagged full-length KLF3 (D) and His-tagged KLF3 incubated with HIPK2 (E). Spectrum from truncated KLF3 containing amino acids 1-253 (KLF3(1-253)) (F). G, spectrum from KLF3(1-253) incubated with HIPK2. The peptide sequences shown in E and G correspond to the major peaks and have a potential HIPK2 phosphorylation site at Ser-249 underlined.
tial phosphorylation sites at Ser-71 and Ser-78. In cells transfected with KLF3 alone, we identified peptides where one or both of these sites were phosphorylated, whereas in the presence of transfected HIPK2, we could detect only a single peak, consistent with phosphorylation at both sites (Fig. 5, A and B) . We saw the same effect with the peptide containing Ser-215 and Ser-223 (Fig. 5, C and D) . Additionally, we observed new phosphopeptides with masses spanning amino acids 105-116, 106 -116, 105-132, and 106 -132 in the presence of HIPK2 (Fig.  5, compare A with B and C with D) . These suggest HIPK2driven phosphorylation at Ser-107 and Ser-110, which we confirmed by MS/MS of the 1463.02 m/z ion (data not shown). We also found that the level of phosphorylation at Ser-249 is elevated in the presence of transfected HIPK2, as shown by the increase in intensity of a phosphopeptide peak covering amino acids 243-254 (Fig. 5, A and B) . We were unable to detect peaks corresponding to phosphopeptides containing Thr-40 and Thr-49 in TiO 2 -enriched fractions, both in the presence and absence of transfected HIPK2, suggesting that these sites may not be phosphorylated in vivo (Fig. 5, A, B , E, and F) (data not shown). Our analysis of the TiO 2 -unbound samples also revealed peaks corresponding to unphosphorylated forms of Ser-91, Ser-100, and Ser-249 (Fig. 5, E and F) . The phosphorylation status of Ser-137 remains unclear because we were unable to detect a peak for the peptide containing this site in any of our fractions.
The results of these experiments ( Figs. 4 and 5 ) and the migration patterns shown in Fig. 1 suggest that KLF3 is subject to complex phosphorylation in vivo. Ser-249 appears to be directly phosphorylated by HIPK2, but other sites are also modified either by HIPK2 or by other kinases that may be activated by HIPK2 or indeed by alternative independent kinases. (lanes 1 and 2) and a mutant form of KLF3 in which serine 249 has been mutated to an alanine residue (lanes 3 and 4) were subject to in vitro kinase assays in the presence or absence of HIPK2. Phosphorylation of KLF3 and CtBP2 by HIPK2 MARCH 27, 2015 • VOLUME 290 • NUMBER 13
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CtBP2 Is Also Phosphorylated by HIPK2-Given that KLF3 regulates target gene expression via recruitment of the repressive cofactor CtBP2 (6) and that the activity of CtBP1 is regulated by HIPK2-mediated phosphorylation (34, 35) , we were interested to see whether HIPK2 could also directly phosphorylate CtBP2. We performed in vitro kinase assays with bacterially expressed GST-CtBP2 and HIPK2. We observed noticeable phosphorylation of CtBP2 in the presence of HIPK2 (Fig. 6A) . In addition to a band migrating at the expected molecular weight for GST-CtBP2, we also observed a faster moving band corresponding to the expected weight of CtBP2 (Fig. 6A, lanes 1  and 2) . This band was excised, digested with trypsin, and subjected to MALDI-TOF MS, following TiO 2 enrichment of phosphopeptides ( Fig. 6, B-E) . We were unable to detect any CtBP2 phosphopeptides in the absence of HIPK2 (Fig. 6D ). In the TiO 2 -unbound fractions, we observed identical ion peaks in both the absence and presence of HIPK2 (Fig. 6, B and C) . However, when CtBP2 was incubated with HIPK2, a shift was seen in a peak corresponding to a peptide covering amino acids 387-434 ( Fig. 6, C, E, and F) . This shift reflects an increase in mass of 80 Da and is consistent with HIPK2-mediated phosphorylation of CtBP2 at Ser-428 and is further supported by alkaline phosphatase treatment, which resulted in the disappearance of this peak from the TiO 2 -enriched fraction (Fig. 6G) .
CtBP2 Is Phosphorylated by HIPK2 at Serine Residue 428 in Vivo-To further investigate the potential phosphorylation of CtBP2 at Ser-428 in vivo, we cotransfected COS cells with CtBP2 in the presence and absence of HIPK2. Transfected CtBP2 was purified from these cells and subjected to MALDI-TOF MS analysis, following tryptic digest and enrichment of phosphopeptides on TiO 2 columns ( Fig. 7) . Several ion peaks were detected and assignedtoCtBP2peptides( Fig.7,AandB) ,althoughnophosphorylated peptides could be detected in the absence of cotransfected HIPK2 (Fig. 7C ). In the presence of HIPK2, two peaks at m/z 2065 and m/z 4827 were apparent in the TiO 2 -enriched fraction that mapped to phosphorylation of CtBP2 at Ser-428 ( Fig. 7D and Table 2 ). LC-ESI-MS/MS of a triply charged precursor ion at m/z 688 was used to generate sequence fragment ions of the 2065 phosphopeptide, which confirmed the HIPK2-mediated phosphorylation of this site (Fig. 8) .
HIPK2 Potentiates KLF3-mediated Transcriptional Repression-The ability of KLF3 to silence gene expression is dependent upon interaction with its corepressor CtBP (6) . We investigated whether modification by HIPK2 influenced the interaction between KLF3 and CtBP2. Co-immunoprecipitation experiments indicated that the interaction between KLF3 and CtBP is strengthened by the presence of HIPK2 (Fig. 9A ). We also found that mutation of the CtBP binding domain of KLF3 prevented co-immunoprecipitation in both the presence and absence of HIPK2, suggesting that, in these experiments at least, the kinase cannot act as a bridging molecule between the two proteins ( Fig. 9B) .
To further explore the molecular significance of the interaction between HIPK2 and KLF3, we next investigated whether phosphorylation influences KLF3 DNA binding in EMSAs. We found that treatment of COS-expressed KLF3 with -phosphatase resulted in altered electrophoretic mobility and a significant reduction in the ability of KLF3 to interact with DNA ( Fig.  10) , which was not observed in samples treated with heat-inactivated phosphatase. FIGURE 5 . KLF3 is phosphorylated at multiple sites in vivo. FLAG-tagged KLF3 or FLAG-tagged KLF3 and HIPK2 were transfected into COS-7 cells. Expressed KLF3 was then purified from nuclear extracts by anti-FLAG immunoprecipitation and subjected to SDS-PAGE and tryptic digest. Following enrichment of phosphopeptides on TiO 2 columns, fragments were analyzed by MALDI-TOF MS. The masses of ion signals that align to KLF3 peptides are given along with the sequences of the mapped peptides, which are shown on the right (see also Table 1 ). Potential phosphorylation sites in these peptides are denoted by S P or S (P) , where more than one potential site is present and it is unclear which is phosphorylated. Arrows, HIPK2-driven phosphorylation events. 
TABLE 1 Assignment of KLF3 MALDI-TOF MS ion peaks post-TiO 2 enrichment of phosphopeptides
Transfected KLF3 was purified from COS-7 cells and subject to tryptic digest. Samples were then enriched for phosphopeptides and subjected to MALDI-TOF MS analysis. Shown are peptide sequences assigned to ion signals generated in the presence and absence of cotransfected HIPK2, revealing sites that can be phosphorylated by endogenous kinases and/or expressed HIPK2. HIPK2 consensus phosphorylation sites in TiO 2 -enriched phosphopeptides are indicated by S P , or S (P) (where phosphosite assignment has not been confirmed). Theoretical mass represents the mass of predicted tryptic peptides without modifications. M ox represents potential oxidation of a methionine residue (ϩ16 Da). , missed trypsin cleavage site; OE, nonspecific tryptic cleavage. To confirm that HIPK2-mediated phosphorylation of KLF3 at Ser-249 can influence DNA binding, HIPK2, KLF3, and KLF3-S249A were expressed in bacteria and purified for EMSA ( Fig. 11 ). In agreement with previous results, incubation of KLF3 with HIPK2 resulted in enhanced DNA binding and a shift in SDS-PAGE migration (compare lanes 3 and 4) . These effects are consistent with phosphorylation, which we confirmed by the inclusion of -phosphatase (lane 5). In the case of the KLF3-S249A mutant, the presence of HIPK2 and -phosphatase treatment had no discernable effect on DNA binding or gel migration (lanes 6 -8) . This experiment confirms that Ser-249 does have a role in modulating KLF3 activity, but taken FIGURE 6. CtBP2 is directly phosphorylated by HIPK2. A, GST-CtBP2 was expressed in bacteria and incubated with radiolabeled ATP in the absence (lanes 1  and 3) or presence of HIPK2 (lanes 2 and 4) . Samples were resolved by SDS-PAGE (left) and autoradiographed (right). B-E, MALDI-TOF MS spectra of TiO 2unbound and -bound tryptic peptides from bacterially expressed GST-CtBP2 incubated without (B and D) and with HIPK2 (C and E). F, masses of ion signals that align to CtBP2 peptides and sequences of the mapped peptides. An 80-Da shift in the peak at m/z 4747 to a peak at m/z 4827 is consistent with phosphorylation at Ser-428 (boldface type and underlined). This shift is shown by a dotted line extending from C to E. G, alkaline phosphatase treatment results in the loss of the 4827 peak in the HIPK2-treated sample. M ox , oxidation of a methionine residue (ϩ16 Da).
together with previous results, it is probable that other phosphorylation events also influence DNA binding by KLF3.
Finally, we examined how HIPKs influence the ability of KLF3 to silence expression of Klf8, a well characterized in vivo KLF3 target gene (9, 31, 36), first in a series of cell-based reporter assays and second by examining the effect of ablation of HIPK1 and HIIPK2 on Klf8 promoter activity (Fig. 12 ). In the reporter experiments (Fig. 12A ), we found that increased expression of HIPK2 boosts silencing of the Klf8 promoter in a dose-dependent manner. In further support of a physiological Table 2 .
role for HIPKs in potentiating KLF3 activity, we observed a significant increase in Klf8 expression in both HIPK1 knockout and HIPK2 knock-out murine embryonic fibroblasts, with loss of HIPK2 resulting in the more notable derepression of this well characterized KLF3 target gene (36) .
DISCUSSION
Recent advances in our understanding of the in vivo biology of KLF3 have revealed widespread physiological roles in diverse tissues, highlighting the importance of this transcriptional repressor in normal cellular development and differentiation (8 -15, 37) . These studies have also provided some insight into the molecular mechanisms whereby KLF3 regulates expression of target genes. It is clear that recruitment of the corepressor CtBP influences both gene silencing and in vivo specificity (6, 31) . However, less is known about the signaling pathways and post-translational modifications that modulate KLF3 activity, although previous work has demonstrated a role for sumoylation in enhancing gene repression (20) . In screening for binding partners of KLF3, we have discovered a novel interaction with HIPK, a serine/threonine kinase known to regulate transcription factor activity to control cell survival, proliferation, and differentiation.
KLF3 contains a number of HIPK consensus sites, and we have found that several of these are phosphorylation targets. In vivo, the pattern of phosphorylation appears to be complex, but our results suggest that HIPK2 potentiates the activity of KLF3 through multiple mechanisms. HIPK2 enhances the stability of 
Assignment of CtBP2 MALDI-TOF MS ion peaks post-TiO 2 enrichment of phosphopeptides
Transfected CtBP was purified from COS-7 cells and subject to tryptic digest. Samples were then enriched for phosphopeptides and subjected to MALDI-MS analysis. Shown are peptide sequences assigned to ion signals generated in the presence and absence of cotransfected HIPK2. HIPK2 consensus phosphorylation sites are indicated by S P . Theoretical mass represents the mass of predicted tryptic peptides without modifications. M ox represents potential oxidation of a methionine residue (ϩ16 Da). , missed trypsin cleavage site.
Observed mass
Assigned residues Assigned sequence (y3, y6, y7, y8, y12, y17 ) and the a2 and b2 ions, the sequence of this peptide was determined to be NLPTVAHPSQAPS P PNQPTK, which corresponds to residues 416 -434 of CtBP2. Ser-428, indicated by S P , was determined to be phosphorylated based on the signals y6, y7, and y8-H 2 O. Neutral losses of phosphoric acid (H 3 PO 4 , 98 Da) are indicated.
KLF3, it increases its binding to the co-repressor CtBP2, and it enhances its affinity for DNA. Moreover, HIPK2 also phosphorylates CtBP2, consistent with a view that it is a key kinase in the regulation of KLF3/CtBP2-mediated repression. HIPK2 has been identified as a transcriptional cofactor in a number of developmental processes and also as a tumor suppressor capable of influencing cellular proliferation and apoptosis (33, 38) . The tumor suppressor function of HIPK2 is mediated via both p53-dependent and p53-independent mechanisms, leading to considerable interest in modulating HIPK activity in cancer therapy (39) . The p53-dependent pathway is well described; following DNA damage, activation of HIPK leads to site-specific phosphorylation of p53 and up-regulation of downstream targets that promote cell arrest and death (40 -42) . In contrast, the p53-independent pathway acts via phosphorylation of factors such as CtBP (34, 35) .
HIPK2 partners with a number of transcription factors to regulate development in a variety of contexts, in which phosphorylation can result in either protein stabilization and enhanced transcriptional activity or gene silencing due to targeting of the transcription factor for proteosomal degradation. For example, HIPK2-mediated phosphorylation of c-Myb, in combination with a second kinase, Nemo-like kinase, results in phosphorylation at multiple sites, ubiquitination, and proteosomal degradation, with the associated loss of c-Myb activity driving hematopoietic differentiation (43) . In contrast, phosphorylation of the developmental regulator Pax6 enhances its association with p300 and leads to significantly elevated target gene activity (44) .
Although the effects and in vivo patterns of HIPK2 phosphorylation of KLF3 remain to be fully defined, in the various cellular contexts examined, we have identified a role for Ser-249, which is also the primary target of HIPK2 in vitro. We have shown that mutation of Ser-249 reduces the affinity of KLF3 for DNA. This site is located close to the C-terminal DNA binding domain, and it is possible that phosphorylation results in con- FIGURE 9 . HIPK2 enhances the interaction between KLF3 and its corepressor CtBP2. Co-immunoprecipitation (IP) assays show increased interaction between KLF3 and CtBP2 in the presence of HIPK2. COS-7 cells were transfected with FLAG-KLF3, a mutant form of FLAG-KLF3 unable to bind CtBP (⌬DL), HA-CtBP2, and HIPK2 as indicated. Western blots (WB) for FLAG-KLF3, HA-CtBP2, and FLAG-KLF3-⌬DL were carried out following immunoprecipitation of FLAG-KLF3 and HA-CtBP2 (A) and FLAG-KLF3-⌬DL (B). In B, closely migrating IgG bands are labeled. 6, and 9) . B, relative binding of untreated KLF3, KLF3 incubated with heat-inactivated -phosphatase, and KLF3 incubated with -phosphatase was quantified using ImageJ software. Error bars, S.E., with binding by untreated KLF3 set to 100% (*, p Ͻ 0.05 for a one-tailed Student's t test, n ϭ 3).
formational changes that allow improved DNA access for the zinc fingers of KLF3. In support of this, we have observed that deletion of the DNA binding domain results in noticeably increased phosphorylation of Ser-249 ( Fig. 3 ). This implies an autoinhibitory role for the Ser-249 region; similar inhibitory domains, where steric hindrance of DNA binding is relieved by phosphorylation, are found in the related factor KLF1 (45, 46) and also in p53 (47) .
Phosphorylation at two additional sites, Ser-71 and Ser-78, may also influence KLF3 activity. These sites, which lie close to the PVDLT CtBP2 interaction domain (6), appear to show a reduction in phosphorylation intensity in the presence of HIPK2 (Fig. 5, compare A and B) . The binding pocket of CtBP is a hydrophobic region (48) , with interaction at this site likely to be affected by phosphorylation. It is hence possible that HIPK2 preferentially directs phosphorylation elsewhere as part of a mechanism to promote KLF3 and CtBP2 binding affinity.
It has previously been shown that HIPK2 phosphorylates CtBP1 at serine 422 (35) , and in line with this, we have demonstrated phosphorylation of CtBP2 at serine 428 in vivo. Whereas HIPK-mediated phosphorylation results in CtBP1 degradation, we have found that HIPK2 stabilizes the interaction between CtBP2 and KLF3. CtBP1 degradation occurs specifically in response to DNA damage, and it is probable that the physiological mechanisms and consequences of HIPK phosphorylation are context-dependent, as evidenced by the com-plex phenotype of HIPK1/HIPK2-deficient mice (17) . Differences in post-translational modification are also seen in the case of p53, where UV dose influences phosphorylation patterns and hence regulation of downstream target genes, resulting in either cell cycle arrest or apoptosis in stressed cells (49) . However, although repression of shared targets with p53 and HIPK, such as the anti-apoptotic gene galectin-3 (Lgals3), imply a role for KLF3 in the DNA damage response (9, 31, 50) , it remains to be determined whether KLF3 influences either cell survival or apoptosis.
Although this study has focused on HIPK2 phosphorylation of KLF3 and CtBP2, a number of other kinases may also have in vivo roles in regulating their activity. These include MAPK and related family members, including c-Jun N-terminal kinase (JNK) and Nemo-like kinase. JNK and Nemo-like kinase can themselves be phosphorylated by HIPK (43, 51) , and it is possible that such kinases function in a regulatory pathway or network to regulate KLF3 activity.
Finally, although the majority of research has focused on the DNA damage response, it is apparent that HIPKs also influence many aspects of physiology, and in support of their role as activators of KLF3, similarities are emerging in the analysis of phe- 3 and 4) and KLF3-S249A (lanes 6 and 7) to a ␤-globin CACCC probe was assessed in the presence and absence of HIPK2. The effect of -phosphatase treatment on DNA affinity was also examined for both constructs (lanes 5 and 8) . HIS-EV, empty pET15b expression vector; GST-EV, empty pGEX-2T expression vector. Bottom, Western blot (WB) of expressed KLF3 and KLF3-S249A. Lanes are as for the top. MARCH 27, 2015 • VOLUME 290 • NUMBER 13 JOURNAL OF BIOLOGICAL CHEMISTRY 8603 notypes resulting from reduced expression or ablation of either HIPK or KLF3. These experiments have identified significant and overlapping roles for KLF3 and HIPK in areas such as metabolism and hematopoiesis. For example, detailed studies of the metabolic phenotypes of Klf3 Ϫ/Ϫ and Hipk2 Ϫ/Ϫ mice have revealed that both have smaller adipocytes and reduced adiposity. Furthermore, the absence of either KLF3 or HIPK2 results in improved insulin sensitivity and resistance to dietinduced obesity, despite an energy intake similar to that of wild type counterparts (11, 14, 52) .
Phosphorylation of KLF3 and CtBP2 by HIPK2
In erythropoiesis, KLF3, HIPK1, and HIPK2 exhibit nearly identical expression patterns, with levels increasing noticeably as TER119-negative erythroid progenitors transition into TER119-positive cells (9, 53) . Erythroid cells that lack KLF3 or have reduced HIPK2 both fail to mature correctly, and it has been shown that KLF3-and HIPK1-deficient mice each have enlarged spleens, most likely as a consequence of compensatory stress erythropoiesis (9, 54) .
There is also evidence that KLF3 and HIPK are components of the signaling pathways lying downstream of the B cell receptor that influence B cell development and activity (12, 13, 54) . Hipk1 Ϫ/Ϫ mice have notably reduced total splenic B cell numbers, and Klf3 Ϫ/Ϫ hematopoietic progenitors show a distinct disadvantage to wild type cells in re-establishing splenic B cells compartments during competitive reconstitution experiments. HIPK1 and KLF3 both have a significant impact on the B cell lineage decisions that control the follicular to marginal zone (MZ) B cell ratio in the spleen. Here any potential interplay between HIPK and KLF3 is complex and likely to be dependent upon other downstream targets because loss of HIPK1 promotes MZ B cell development, whereas abrogation of KLF3 results in a deficiency of MZ B cells. Despite the increase in MZ B cell number in Hipk1 Ϫ/Ϫ mice, these cells show an impaired immune response and proliferative capacity, a phenotype similar to that observed in Klf3 Ϫ/Ϫ mice.
In conclusion, these data suggest complex overlapping roles for KLF3 and HIPK in a number of physiological processes and indicate that disruption of their expression patterns and activity has a profound and related effect on normal cell development and function. Furthermore, given the established role of KLF3 in diverse biological settings, including metabolism, cardiovascular development, and hematopoiesis, the identification of HIPK as a regulator of KLF3 has potential in directing future therapeutic design.
